Summary: In this study, the developmental changes and variability of aldehyde oxidase in postnatal rat liver were examined. Postnatal day 1, 7 and 14 rats showed little or no liver aldehyde oxidase activity, as evaluated in terms of the activities for oxidation of benzaldehyde to benzoic acid, N-1-methylnicotinamide (NMN) to N-1-methyl-2-pyridone-5-carboxamide (2-PY) and N-1-methyl-4-pyridone-3-carboxamide (4-PY), and methotrexate (MTX) to 7-hydroxymethotrexate (7-OH-MTX). However, these oxidase activities were markedly increased in liver cytosol from the rats after postnatal day 14. The activity was then maintained up to 6 weeks. The amounts of 2-PY and 4-PY formed from NMN were almost the same. The development of aldehyde oxidase activity toward benzaldehyde was closely correlated with that of oxidase activity toward NMN and MTX. The expression of aldehyde oxidase at postnatal day 14 was conˆrmed by Western blotting analysis. The density of bands of aldehyde oxidase was closely correlated with the oxidase activity toward benzaldehyde. The developmental changes of aldehyde oxidase activities during postnatal re‰ected the changes in the amount of the oxidase protein.
Introduction
Aldehyde oxidase (EC 1.2.3.1), a cytosolic enzyme, contains FAD, molybdenum and iron-sulfur centers, 1) and is thought to be relevant to the pathophysiology of a number of clinical disorders. [2] [3] [4] The enzyme in liver of various species catalyzes the oxidation of a number of aldehydes and nitrogenous heterocyclic xenobiotics, including methotrexate (MTX) and cyclophosphamide, 1, [5] [6] [7] and is involved in the metabolism of physiological compounds such as retinaldehyde and monoamine neurotransmitters. 8, 9) Moreover, the enzyme in the presence of its electron donor can mediate the reduction of a variety of compounds, including sulfoxides, Noxides, epoxides, aromatic nitro compounds and 1,2-benzisoxazole derivatives. 6, 10) Marked inter-and intraspecies variations of the enzyme activity in oxidative and reductive reactions have been reported. 5, 6, [10] [11] [12] [13] [14] [15] [16] [17] However, the developmental changes of aldehyde oxidase in animals and humans have not been reported.
Deˆciency of drug-metabolizing enzyme activity is associated with adverse eŠects, such as grey baby syndrome due to impaired metabolism of chloramphenicol in neonates, and fatal hepatotoxicity due to altered metabolism of sodium valproate. 18, 19) The development of drug metabolizing enzymes plays an important role in the susceptibility of children to adverse drug reactions. [20] [21] [22] Developmental changes of several drugmetabolizing enzymes have been reported. Variability of CYP3A7 expression in human fetal liver and agedependent clearance of cytochrome P450 3A substrates in humans were described. 23, 24) Lupp et al. reported changes in the expression of cytochrome P450 isoforms (CYP 1A1, 2B1 and 3A2) and in the associated activities in neonatal rats. 25) Developmental changes in expression of aldehyde dehydrogenase in rat liver and lung were also reported. 26) However, there is little information on the changes of aldehyde oxidase activity.
In this study, we estimated the aldehyde oxidase activity in rats by using benzaldehyde, N 1 -methylnicotinamide (NMN) and MTX as substrates. Benzaldehyde oxidase activity is usually used as a marker for aldehyde oxidase. NMN, which is formed from nicotinamide by nicotinamide methyltransferase, is widely distributed in animals, like nicotinamide.
27) It is neurotoxic, and is detoxiˆed by oxidation to N 1 -methyl-2-pyridone-5-carboxamide (2-PY) and N 1 -methyl-4-pyridone-3-carboxamide (4-PY).
28) The conversion of NMN to 2-PY and 4-PY has been reported to be catalyzed by aldehyde oxidase, 14, 28, 29) and the ratio of 2-PY and 4-PY formed varies among animals and humans. The oxidation of MTX to 7-hydroxymethotrexate (7-OH-MTX) is also catalyzed by aldehyde oxidase (Fig. 1). 
6)

Materials and Methods
Chemicals: NMN, N?-methylnicotinamide and benzaldehyde were obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). MTX and 7-OH-MTX were kindly donated by Medical Research Laboratories, Lederle Japan (Tokyo, Japan). 2-PY and 4-PY were prepared by the method of Pullman and Colowick, 30) and the method of Shibata et al., respectively. 31) Animals: Sea:SD rats were obtained from Seiwa Experimental Animals, Ltd. (Fukuoka, Japan). The animals were housed in cages at 229 C with a 12-h light W dark cycle, with free access to tap water and a standard pellet diet MM-3 (Funabashi Farm, Funabashi, Japan). Male rats were allowed to mate with female rats, and the newborn pups on postnatal day 1 were used. Other animals were killed after 1-4, and 6 weeks, and the livers were taken.
Liver preparations: Livers were excised and homogenized in four volumes of 1.15z KCl. The cytosolic fraction was obtained from the homogenate by successive centrifugation at 9,000×g for 20 min and 105,000×g for 60 min. Protein concentration was determined by the method of Lowry et al. with bovine serum albumin as the standard protein.
32)
Immunoblot analysis of aldehyde oxidase: The levels of aldehyde oxidase protein were determined by immunoblot analysis of liver cytosol protein from rats. Rat cytosolic proteins (5 mg) were separated by SDSpolyacrylamide gel electrophoresis (10z gel) and transferred to polyvinylidene ‰uoride membranes (Bio-Rad, Hercules, CA, USA) by electroblotting. Membranes were then blocked with 5z skimmed milk in 25 mM tris-buŠered saline (pH 7.6)-0.1z Tween 20 for 1 h and probed with anti-rat aldehyde oxidase antibodies (1:1000) for 3 h. The membranes were washed, and antibody binding was detected with horseradish peroxidase-conjugated goat anti-rat IgG, followed by development with ECL Plus (Amersham Pharmacia Biotech, Buckinghamshire, England).
Assay for benzaldehyde oxidase activity: Benzaldehyde oxidase activity was assayed by the method of Johns.
33) The decrease in absorption at 249 nm conse- quent upon the oxidation of benzaldehyde to benzoate was monitored in 165 mM K,Na-phosphate buŠer (pH 7.8) at 259 C, using an extinction coe‹cient of 17.54 mM -1 cm -1 . Assay for MTX-hydroxylating activity: The incubation mixture consisted of 0.2 mmol of MTX and cytosol equivalent to 50-100 mg of liver in aˆnal volume of 1 mL of 0.1 M K,Na-phosphate buŠer (pH 7.4). The incubation was performed at 379 C for 2 hr. After incubation, 20 mg of benzamide (an internal standard) and 2 volumes of acetonitrile were added and the whole was centrifuged. The supernatant was evaporated to about 0.5 mL, and then 10 mL of the solution was subjected to analysis by high-performance liquid chromatography (HPLC) in a Hitachi L-6000 chromatograph (Tokyo, Japan)ˆtted with an Inertsil ODS-3 column (150 mm×4.6 mm, GL Sciences, Tokyo, Japan). The mobile phase was acetonitrile-0.1 M KH2PO4 (15:85). The chromatograph was operated at a ‰ow rate of 0.3 mL W min at ambient temperature and with a detection wavelength of 254 nm. The elution times of MTX, 7-OH-MTX and benzamide were 15.3, 22.2 and 30.7 min, respectively.
Assay for NMN oxidase activity: NMN oxidase activity was measured according to the method of Ohkubo et al.
34) The amounts of 4-PY and 2-PY formed were measured by HPLC. Brie‰y, the incubation mixture consisted of 0.2 mmol of NMN and liver cytosol equivalent to 50-100 mg of liver wet weight in aˆnal volume of 1 mL of 0.1 M K,Na-phosphate buŠer (pH 7.4). The incubation was performed at 379 C for 10 min. After incubation, the mixture, after addition of 10 mg of N?-methylnicotinamide (an internal standard), was extracted withˆve volumes of ethyl acetate and the extract was evaporated to dryness. The residue was redissolved in 0.1 mL of methanol, and an aliquot was subjected to analysis by HPLC. HPLC was performed with a Capcell pak C18 UG120 column (25 cm× 4.6 mm, Shiseido Co. Ltd., Tokyo, Japan) for the separation of 2-PY and 4-PY. The mobile phase was acetonitrile-water (3:97, v W v). The chromatograph was operated at a ‰ow rate of 0.5 mL W min and with a Fig. 2 . The expression of aldehyde oxidase at postnatal day 14 was conˆrmed by Western blotting analysis (Fig. 2-B) . Each value represents the mean of four rats±SD. N.S: not signiˆcance. N-1-Methylnicotinamide oxidase activity was assayed as described in Materials and Methods. detection wavelength of 254 nm. The elution times of 4-PY, 2-PY and N?-methylnicotinamide (an internal standard) were 13.5, 14.7 and 30.0 min, respectively.
Statistical analysis: Data are presented as mean± standard deviation (SD.). The statistical signiˆcance of diŠerences was evaluated by using analysis of variance (ANOVA) followed by a post hoc test. A value of pº0.05 was considered signiˆcant.
Results and Discussion
Developmental changes of oxidase activities toward benzaldehyde and MTX in rat liver: Benzaldehyde and MTX oxidase activities were assayed as representatives of aldehyde oxidase activity. Little benzaldehyde oxidase activity was observed at 1 day, 1 week or 2 weeks after birth, but at 4 weeks, the activity was markedly increased in rat liver cytosol ( Fig. 2A) . Furthermore, in Western blot analysis with anti-aldehyde oxidase antibodies, the band density was well correlated with benzaldehyde oxidase activity, supporting the idea that benzaldehyde oxidase activity in neonatal rat liver is due to aldehyde oxidase ( Fig. 2B and 2C) . The activity for conversion of MTX to 7-hydroxy-MTX was also assayed as an indicator of aldehyde oxidase activity. Little or no activity toward MTX was observed at 1 week or 2 weeks after birth. Low activity was observed at 3 weeks, and the activity was markedly increased at 4 weeks, as found for benzaldehyde oxidase activity (Fig. 2D) . The changes of MTX oxidase activity and benzaldehyde oxidase activity were very similar (Fig. 2E) . In short, signiˆcant development of hepatic aldehyde oxidase activities toward benzaldehyde and MTX was observed by 4 weeks after birth. In general, oxidation of aromatic aldehydes may be catalyzed by aldehyde dehydrogenase and possibly also by xanthine oxidase, in addition to aldehyde oxidase. However, we have reported that benzaldehyde and NMN oxidase activities are not inhibited by oxypurinol, an inhibitor of xanthine oxidase.
5) These activities were not enhanced by addition of NAD ＋ W NADP ＋ , the cofactors of aldehyde dehydrogenase. Further, we have established that there are marked strain diŠerences of AO activity in rats, and the AO activity in various strains is well correlated with the MTX hydroxylation activity. 7, 17) Therefore, oxidase activity towards benzaldehyde, MTX and NMN may be due mainly to AO in rats.
Developmental changes of NMN oxidase activity in rat liver: The activity of conversion of NMN to 2-PY and 4-PY was also assayed as an indicator of aldehyde oxidase activity. Little activity was observed at 1 day, 1 or 2 weeks after birth. However, at 4 weeks, the oxidase activity was markedly increased (Fig. 3A) . The time course of change closely resembled that of benzaldehyde and MTX oxidase activities. It was reported that the ratio of 2-PY and 4-PY exhibited signiˆcant diŠerences among species, so developmental changes of AO may in‰uence the ratio of 2-PY and 4-PY. However, in rats at 6 weeks after birth, the 2-PY W 4-PY ratio was not signiˆcantly diŠerent from that in newborn rats (1 day and 1 week after birth), though there was some diŠerence at 2 and 3 weeks after birth (Fig. 3B) . Therefore, it appears that developmental changes do not markedly aŠect the characteristics of AO, at least in rats.
The NMN oxidase activity also appeared to be related to the body weight and liver wet weight of rats of the same age, and rapidly increased at around 4 weeks after birth ((body weight: pº0.01, r＝0.858), (liver wet weight: pº0.01, r＝0.894)).
Developmental changes of aldehyde oxidase in rats: Dramatic developmental changes in the physiological and biochemical processes that govern drug-metabolizing enzymes occur in young children. Cresteil classiˆed the development of hepatic CYP activity into three patterns. 36) First, enzymes expressed in fetal liver and active towards endogenous substrates (CYP3A7). 37) Second, enzymes expressed in the early neonatal period within hours after birth (CYP2D6 and CYP2E1). 38, 39) Third, enzymes expressed later in neonatal development (CYP1A2, CYP2C and CYP3A4). 40, 41) In this study, we observed that aldehyde oxidase activity estimated on the basis of benzaldehyde, NMN and MTX oxidase activities increased during physiological development immediately after birth, like CYP1A2, CYP2C and CYP3A4. These results indicate that aldehyde oxidase activity in rats increases shortly after birth, reaching a plateau level within about 4 weeks. Pediatric dosages are often decided based on body weight and body surface area, although the liver weight is a better parameter in the case of drugs eliminated in the liver. Indeed, Takahashi reported that CYP2C9 activity normalized to liver weight is comparable in children and adults, based on an analysis of warfarin clearance in Japanese children and adults. 21) As AO is mainly present in liver, it is reasonable to expect a correlation between the AO activity and liver weight. In addition, there should also be a signiˆcant correlation with body weight. Therefore body weight could be a useful parameter for dose adjustment in young patients.
Aldehyde oxidase plays an important role in metabolizing many drugs that may be administered to pediatric patients. Developmental changes are therefore important for the clinical application in infants of MTX and other drugs that are detoxiˆed by aldehyde oxidase.
